A detailed comparison of cavitation erosion performance in tap water for five alloys in a vibratory (no-flow) system and a Venturi (flow) system was made. The effects of temperature variation (30 -200 "F), Venturi throat velocity (34 -49 m s-l) and vibratory horn double amplitude were studied. Correlations between maximum erosion rate (maximum mean depth of penetration rate (MDPR,,,)) d an incubation period IP, and the material mechanical properties Brine11 hardness and ultimate resilience UR = UTS2/2E (where UTS is the ultimate tensile strength and E is the elastic modulus), were examined. Only moderate success was achieved in correlations between "erosion resistance" MDPR,,,-1 and IP and these mechanical properties. However, a good correlation was found between MDPR,,, and IP, pertinent to both facilities, of the form MDPR,,,-1 = aIP" , where n is near unity (0.94). The cavitation intensity, as measured by MDPR,,,, was found to be 10 -20 times greater in the vibratory system, depending on horn amplitude and material. This ratio varies between 5 and 30 if individual materials are considered separately, being greatest for 1018 carbon steel and least for 316 stainless steel. This indicates the important differences in form between these cavitating regimes and the imprecision of material comparisons made in both regimes.
Introduction
Laboratory facilities for the investigation of cavitation erosion can be of various types such as vibratory, rotating disk or some form of restricted flow device such as a Venturi system, of which several types exist (see, for example, refs. 1 -4). These can be divided into two categories, i.e. flowing and static. The vibratory facility [l -41, which is a non-flow device, is certainly the most common and the most economical. However, it is difficult to relate results from vibratory tests to flowing systems, either laboratory or field machines, because of the lack of the commonly used flow parameters such as velocity, Reynolds number, cavitation u parameter etc. Nevertheless, the vibratory cavitation erosion device is the only cavitation erosion test so far standardized [4] . It is the purpose of this article to assist in relating vibratory cavitation results to flow results by comparing vibratory data with data from a Venturi system [l -31 at the University of Michigan using the same specimen material set of five alloys and the same water temperatures.
The materials used (the same bar stocks for both facilities) were 2024-T-4 and soft (1100-o) aluminum, 1018 carbon steel, 316 stainless steel and 3% C common cast iron. Their mechanical properties are listed in Table 1 . The test temperatures included 80,160 and 200 "F (27, 71 and 93 "C), but only the lower two temperatures have been used so far in the Venturi system. The Venturi throat velocities were 36.3 and 49 m s-l. While only typical data are included here, detailed results can be found in ref. 8 , and related information can be found in refs. 9 and 10. 
Description of the facilities

Vibratory facility
The University of Michigan vibratory cavitation facility is shown in Fig. 1 . It includes a 20 kHz resonant frequency piezoelectric drive and an amplifying horn. Double amplitudes (peak-to-peak) of 1.0 X 10-3, 1.38 X 10e3, 1.78 X lop3 and 2.0 X 10d3 in (25. 4 and also control the temperature.
In some of the tests we used a glass beaker of 1000 cm3 volume at 80 "F (27 "C) under atmospheric pressure, but the change of vessel is not important. For the higher temperatures the air suppression pressure was 1 bar. The specimen diameter was 9/16 in (14.3 mm). In all cases the specimens were fabricated from the same bar stock so that the mechanical properties were the same for the same materiel. Table 1 contains the material properties and Tables 2 -4 contain the results of these tests according to the horn double amplitudes.
Venturi facility
The cavitation erosion Venturi tests were done here in a high speed cavitation tunnel [l -31. The Venturi Plexiglas test section is shown in Fig. 2 . The throat diameter is 12.7 mm (0.510 in). The throat velocity is controlled by the pump speed and the downstream pressure, which is controlled by a surge tank. The maximum throat velocity is about 50 m s-l. Two throat velocities (36.3 and 49 m s-l) and two water temperatures (80 and 160 OF) were used. A higher temperature is not possible with a Plexiglas Venturi facility (the Plexiglas is necessary for visibility). Two erosion spec- imens (6.35 mm diameter) were inserted so that they were flush with the Venturi diffuser wall in the same axial plane (Fig. 2) . The visual termination plane of the cavitation cloud is the same plane in the present tests. The cavitation number K (or u) is the nondimensional parameter which has generally been used [ 1, 2] to correlate cavitating flow regimes. In the present tests
P-P, K=_ +W
where P is the pressure immediately downstream from the test section, P, is the vapor pressure, V is the throat velocity and p is the liquid density. For the present tests, K = 0.62 -0.64 for V = 49 m s-l and K = 0.73 -0.76 for V = 36.3 m s-r. Thus a velocity "scale effect" exists in these tests.
Test results
Erosion rate and incubation period
General
After an initial very small weight loss there is generally a period called the incubation period (IP) during which only relatively little material is removed. Thereafter, more rapid erosion occurs. Figure 3 shows the typical "S-shaped" erosion curve [ 1, 2, 11, 12] . However, this characteristic curve was often not obtained in the present tests. Figure 4 is a typical newly measured mean depth of penetration rate (MDPR) uersus time curve from the Venturi facility, while Figs. 5 and 6 are typical curves of weight loss uersus cumulative time from the vibratory facility. (The MDPR is the volume loss rate per unit exposed area or the mean erosion depth per unit time.) The Venturi curve (Fig. 4) shows an initial MDPR peak followed by numerous subsequent peaks rather than the S-shaped curve ( x , specimens 1 and 2;A, specimens 9 and 14; 0, specimens 5 and 6; +, specimens 3 and 10; 0, specimens 7 and 13;A, specimens 4 and 7; n , specimens 1 and 2; 0, specimens 1 and 2.
of the present tests for the ferrous alloys approach the S-shaped curve more closely.
Incubation period
The IP is defined here as the time required to obtain a mean depth of penetration (MDP) of 0.1 X 10M3 in (2.54 pm). Table 6 contains the IPs for both Venturi and vibratory tests. The IP for both facilities increases with hardness (except for cast iron). For the Venturi facility the IPs are much larger than for the vibratory facility. The magnitudes of the ratio IP,,,,/ IP tibratory vary from 2 to 27, depending on the materials and test conditions (i.e. the velocities and amplitudes). For systems made from the same material the range is reduced. 
Maximum erosion rate MDPL,
is the maximum value that occurs during the test period. Figure 4 shows typical curves for soft (1100-O) aluminum. Table 7 Tables 8 and 9 , the average ratios depend on the horn amplitude and of course on the Venturi velocity. The averages range from 11 to 18. 
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Temperature effect
Substantial effects of water temperature on the MDPR and the IP exist in both facilities, even for these relatively small temperature variations. Previous vibratory tests [ 1, 2, 11, 12] indicate a maximum damage temperature for all materials and all liquids. The present results in both facilities are consistent with this expectation. Most of the vibratory tests indicate that for the three test temperatures (80,160 and 200 '3') the MDPR,,, occurred at 160 "F (always at a 1 bar suppression pressure). For the Venturi facility, the damage rate at 160 "F was much larger than that at 80 "F for both low velocity and high velocity. Figure 7 shows the effect of temperature on MDPRmax for the vibratory facility, while Fig. 8 shows the effect of temperature for Venturi runs. The material used for both tests was 1018 carbon 
steel. No higher temperature
Venturi tests have been made using the Plexiglas Venturi facility. Figure 8 for the Venturi facility shows a negative velocity effect in that MDPR,,, is greater for the lower velocity at both temperatures. As discussed elsewhere [lo] , this is presumably due to the reduced o(K) value at the higher velocity, even though the visually determined cavitation cloud termination point was the same for all tests. Thus a cavitation scale effect [ 1,23 has been observed for this Venturi flow. Constant-u tests are now under way to resolve this apparent velocity paradox.
The substantial decrease in MDPR in the vibratory facility for a temperature above 160 OF, often observed previously [l, 2,111, is presumably due to cavitation "thermodynamic" l ,1018 carbon steel; 0, 316 stainless steel;A, cast iron (3% C).
Brine11 hardness results
In Tables 2 -5 the materials have been arranged according to their hardness HB, starting with the aluminum alloys. Except for cast iron, MDPR,,, and IP change as expected with increasing hardness. However, the data cannot be well fitted to the expected relations MDPR,,,l = aHB" IP = aHB"
for fixed test conditions. For the vibratory tests only three of these materials fit such relations in general, and the exponents scatter over a large range (0.32 -13.4), whereas the MDPR ratio is expected [2, 8] to be 2 and that for the IP is expected to be about the same. The Venturi results are better. Four materials are suited roughly to these relations and the exponents are not so far from the expected magnitude of 2.0 (n = 2.97 and n = 3.56 for the present tests). and 12 are selected curves from the vibratory tests. Tables 10 and 11 contain the calculated exponents for comparing Venturi results with vibratory results. The exponent magnitudes are reasonably close, although those for the Venturi system are somewhat smaller, and reasonably close to expected results.
Ultimate resilience correlations
Much previous information [ 1, 2, 11, 121 indicates that the best correlation between cavitation (or liquid impingement) erosion and a single material property is found between MDPR,,,l and ultimate resilience UR (UR = UTS2/2E), i.e. the volumetric material failure energy for brittle fracture often found with these phenomena. Logically, the exponent n for the equation below should then be unity. Such results have sometimes been observed. Correlations with hardness are often nearly as good [ 1, 2, 11, 12] and a best-fit exponent of 1.85 for a very large data set has been reported [ 2,11 - 131. Since UTS is often roughly proportional to hardness, it can be easily shown that the hardness exponent should then be 2, reasonably close to the value of 1.85 observed previously [ll -131. The relation of IP to UR for both facilities is not well suited to a relationship of the form IP = aUR" , the exponents ranging from 1.3 to 2.4 for combinations of three or more materials. Of course it should be realized [ 2,11 - 131 that the factorial standard deviation for any erosion correlations is usually greater than about 3.
Incubation period and erosion rate correlations
If the concept of a characteristic damage curve such as Fig. 3 is at all valid, then it should be possible to relate IP with MDPR,,,, as well as the time at which it should occur [ 1, 2, 11] .
Such a development would be very useful, since it would then be possible to predict an eventual maximum erosion rate in the laboratory or field device from a measurement of an approximate IP alone; this is much more practical in many cases than measuring the entire erosion curve. Even though no exact characteristic curve like Fig. 3 exists for all materials, type of test, test conditions etc., these approximations can still be very. valuable from an engineering viewpoint. lim1n It has often been assumed in the past [2, 11, 12] that an approximate relation such as MDPR,,,-' = aIP" can be used, where values of the amplitude constant and the exponents are found empirically. The present vibratory results fit this model very well (Fig. 15) for n = 0.93. The correlation for the Venturi facility does not appear to be quite as good (Fig. 16 ), but the exponent is nearly the same (n = 0.95). In both cases the factorial standard deviation is less than 40%. Previous tests [2, 11, 12] have shown 0.7 < n < 1.2. Hence, the present value 12 = 1 is convenient but may not be generally valid.
For the soft Al 1100-O Venturi tests, there was difficulty in estimating IP, since there existed an initial surge in weight loss. Hence IP values for AI 1100-O scattered over a large range. For vibratory tests 1018 carbon steel fitted the model least well, while for the Venturi tests 316 stainless steel was worst suited to the model.
Conclusions
(1) A maximum damage rate temperature of 160 "F exists for vibratory cavitation erosion tests for all the materials tested. The Venturi results are consistent with this result, but the maximum damage temperature has not yet been established. It is probably above 160 "F.
(2) The IP shows a good correlation with the cavitation resistance ml MDPR,,, for both facilities. The exponent n in the relation MDPR,,,l = aIP" is nearly unity (0.93 -0.95) for both facilities. The IP can then be used to estimate the eventual maximum erosion rate.
(3) The cavitation intensity as measured by MDPR,,,l is 10 -20 times greater in the vibratory facility, depending on the horn amplitude and the test material. It is greatest (about 30) for 1018 carbon steel and least (about 5) for 316 stainless steel. This indicates important differences in form between the cavitation regimes in the two facilities, involving bubble sizes and collapsing pressures, beyond the obvious flow uers~s non-flow condition. It also indicates the imprecision of material comparisons made in either condition.
(4) General mechanical property correlations between the reciprocal erosion rate ("cavitation resistance"), MDPR,,,l and either UR or HB for all materials tested do not exist for either facility. However, it is possible to combine four of the five materials to suit the relations MDPR,,,-1 = aHB" -' or MDPR,,, = aUR" . The results are better for the Venturi facility.
(5) Soft (1100-o) aluminum, cast iron, 1018 carbon steel and 316 stainless steel can be combined to fit the UR model especially for Venturi tests, where the exponent is very close to unity, as theoretically expected (n = 1.15 for the present data set). Al 2024-T-4 does not fit such a correlation with the other materials.
(6) Materials which can be best grouped to fit the hardness model are Al 1100-O and Al 2024-T-4 and 1018 carbon steel and 316 stainless steel, but the exponent n of the relation MDPR,,,l = aHR" is larger than expected (n ranges from 3 to 4 but should be about 2 theoretically). Cast iron does not fit this model.
